ABSTRACT: A target BW is often used to estimate sexual maturity in beef heifers. The target BW, a percentage of mature BW, is generally an average for the breed, herd, or both. Heifer development is done in groups or herds, and not all heifers respond similarly to the same development regimen. Generally, heifers fed at a higher plane of nutrition gain more BW and tend to have increased pregnancy rates, but this usually increases feed costs. Therefore, determining when increased feed costs exceed the economic gains resulting from greater conception rates is critical and requires the inclusion of economic information and relationships. This research focused on the individual heifer as the decision point, and identification of the individual heifer target BW was based on clearly defined biological relationships observed before breeding. These relationships were captured in a maturity index (MI) identified through a series of steps and guided by current, accepted knowledge of heifer growth and development. Using an in-sample mean absolute percent error comparison, it was determined the MI was more accurate than the current group or herd methods in forecasting actual maturity and target BW. Maturity index demonstrated the flexibility in achieving similar maturities with beef heifers of varying characteristics using alternative nutritional programs. The MI was also the only significant predictor of first pregnancy. These results allow for more precision in determining sexual maturity and probability of first pregnancy in beef heifers and serve as the basis for future studies in determining profit differences among heifers.
INTRODUCTION
The concept of maturing rate and degree of maturity at different time points and relationships with production efficiency has been of interest for many decades (Fitzhugh and Taylor, 1971) . Early work by Fitzhugh and Taylor (1971) revealed a positive correlation between BW and degree of maturity at similar ages and that heifers heavier than average at maturity tended to be less mature than average at birth, 6, 12, and 18 mo; therefore, selecting for increased maturity at any age would tend to increase growth rate at early ages. Maturity may be defined as the BW of a heifer at an immature stage expressed as percentage of its subsequent mature BW, often referred to as target BW. Target BW at first breeding has been the gold standard measure determining breeding readiness of heifers (Patterson et al., 1992) . Because mature BW is not available until after heifers are selected for retention, BW as a fraction of breed or herd average is used to estimate maturity. Measurements are an average by group rather than an individual measure and used to estimate the mature BW of that group. Patterson et al. (1992) reported 65% mature BW was the recommended target BW at breeding; however, more recent research has demonstrated 55% of mature BW is an adequate target BW for reproductive performance (Funston and Deutscher, 2004; Martin et al., 2008) . Greer et al. (1983) theorized the existence of an "index of maturity" and attempted to estimate maturity with age and weaning BW, but concluded neither affected age or BW at first estrus.
Even though target BW provides an indication of breeding readiness, it is a generalization and lacks the specificity a maturity index (MI) could provide. Understanding that age, nutrition, genetics, growth, and sexual development all contribute to index development; the objective of this research was to identify individual heifer breeding readiness and establish a methodology to develop an MI as well as test for accuracy of the MI in predicting first pregnancy.
MATERIALS AND METHODS
The University of Nebraska-Lincoln Institutional Animal Care and Use Committee approved the procedures and facilities used in this experiment.
Data for this study were collected at the University of Nebraska Gudmundsen Sandhills Laboratory for 2 consecutive research projects (Funston and Deutscher, 2004; Martin et al., 2008) , which were continuous and originated from the same cattle herd, making it possible to combine them into a single data set (n = 500). The earlier study included 240 heifers retained as replacements in 1997, 1998, and 1999 whereas 260 heifers in the latter study were retained in 2000, 2001, and 2002. The combined data set included the identification number of each replacement heifer; birth weight; birth date; weaning weight; prebreeding BW and BCS; dam BW; BW, BCS, and pregnancy status at first pregnancy diagnosis; BW, BCS, and pregnancy status at second pregnancy diagnosis; and weaning weight of first calf. If a heifer was removed from the herd, subsequent information was recorded as null. Dummy, or indicator, variables were added to the data set to designate the nutritional treatment heifers were assigned during development.
The MI was developed using data from the heifers reaching mature BW (n = 302). The actual percent of mature BW of each heifer was calculated using actual BW at first breeding and mature BW, which was taken on the weaning of her third calf.
The construction of the MI was accomplished in a 3-step process using a guided regression choice methodology, a combination of structural and theoretical econometric approaches. First, observed variables contributing to the maturity of a heifer were identified. This was done by selecting those variables from the data expected to affect growth and maturity. The left-hand side variable (used to measure maturity) was the measured mature BW of the heifer divided by her prebreeding BW as measured after weaning of her third calf. This is a true measure of, or something close to, her actual maturity at the time of breeding. The right-hand side variables tested included mature BW of the dam, dam age at time of birth of the heifer, heifer birthdate, heifer birth weight, heifer weaning weight, heifer age, BCS and BW at first breeding, and heifer nutrition level (treatment group). In addition, squared and cubed forms of the variables were considered to account for possible nonlinear relationships.
In the second step, a series of regression equations were specified using all possible combinations of the structurally identified variables, as described previously. This resulted in thousands of equations, which were assembled, programmed, and estimated in Shazam, an econometric/ statistical software package (Whistler et al., 2007) .
After estimating these equations, the third step was applied in selecting the final model. All of the models specified in the second step were evaluated using 2 criteria to select the model with the best specification. The first criterion was to verify that each of the estimated coefficients in the model were statistically significant at the 95% confidence level using the student t-statistic. The second criterion applied a loss function criterion, the Akaike information criterion (AIC; Eq. [1]; Griffiths et al., 1993) . This criterion measures the effectiveness of the coefficients in explaining the dependent variable relative to the cost or added complexity of including them as independent variables in the equation. The regression equation with the lowest AIC score is considered the most efficient (Eq. [2]) and selected as the best model for predicting maturity.
in which AIC i = Akaike information criterion for the ith regression model, ln = the natural log value, SSE i = sums of squared errors for the ith regression, T = number of observations, and K i = number of coefficients estimated in the ith model, including the constant term. 
in which MI = maturity index, Wt Pb = prebreeding BW, Wt Birth = birth weight, Age 2 Heifer = prebreeding age (d), Wt Dam = mature BW of dam, T1 = dummy/ indicator variable for the feed treatment group resulting in a traditional group average prebreeding BW of 58% of herd average, T2 = dummy/indicator variable for the feed treatment group resulting in a traditional group average prebreeding BW of 53% of herd average, and T3 = dummy/indicator variable for the feed treatment group resulting in a traditional group average prebreeding BW of 56% of herd average.
The independent variables defined by this procedure were heifer BW and age squared at time of first breeding, heifer birth weight, dam mature BW, dam age and dam age squared at heifer birth, and feed treatment of the heifer between weaning and breeding. 
in which Wt n = BW of the dam at weaning at n years of age. The structural and theoretical econometric methods are based on statistical theory and accompanying assumptions associated with using the GLM procedure (SAS Inst. Inc., Cary, NC), the basis for both ANOVA and OLS (Ott, 1984) .
Once the MI was created, it was compared with both the current [percent of herd average mature BW (PHAW)] and a proposed alternative method of forecasting maturity using the mean absolute percent error (MAPE) procedure (Eq. [6] ). This was accomplished using within-sample data. The alternative method, a more heifer-specific approach, used a percent of dam mature BW (PDAW) to predict heifer progeny mature BW.
in which MAPE = mean absolute percent error, n = number of animals used in the test (n = 302), A i = heifers actual percent mature body BW at the time of prebreeding, and F i = heifers forecasted percent mature body BW at the time of prebreeding. The MI was also compared with 2 other predictors of first pregnancy (PG1) to determine which most accurately predicted whether or not heifers became pregnant. Due to the binary nature of pregnancy, Probit regression methodology was used (Eq. [7] and [8] ). The coefficient estimates for pregnancy rate were accomplished by estimating the effects of the appropriate variable and its square on first pregnancy. All heifers were assigned a 0 for nonpregnancy and 1 for a positive diagnosis. The squaring of the independent variable allows for the possibility of diminishing effects maturity might have on pregnancy, because Patterson et al. (1992) reported pregnancy rates reach a maximum at some maturity point and decline as heifers become excessively heavy. Therefore, the quadratic specification was included as a possible alternative functional form.
Pregnancy results were expressed in the I portion of the Probit specification (Eq. [7] ). This portion of the equation is similar to a standard OLS. There is a constant as well as the sum of a vector of coefficients multiplied by their associated independent variables as illustrated:
in which c 0 = regression constant, b = vector of coefficients, and x = vector of independent variables. However, unlike OLS, the Probit equation is a nonlinear estimation and is estimated by maximum likelihood methods. Because of this, the interpretation of Probit coefficients varies from the typical OLS regression equation. The I in this case was the distance in SD from the mean of 0. Equation [8] was the actual formula for the cumulative distribution function, which was integrated from negative infinity to the specific value of I for specific set of x values or independent variables.
The portion of Eq.
[8] where Z ≤ I is the effect of the independent variables on the SD of a normal distribution with a mean of 0 and a SD of 1. The coefficient estimates relate directly to their effect on SD from the mean relative to the magnitude of the independent variables and indirectly to the probability (P i ). A positive coefficient indicates that a corresponding variable has a positive effect on increasing the P i whereas the opposite is true of a negative coefficient estimate.
The area under any distribution by definition is equal to 1. Then, by using this modeling procedure, the final outcome, or prediction P i , will translate into a value that ranges between 0 and 1, regardless of the size of I. This estimation can be accomplished in several econometric software programs using a subroutine package, in this case, Shazam (Whistler et al., 2007) with the use of the Probit command.
To verify the relative effectiveness of using MI and MI 2 as independent variables in predicting first pregnancy rate (dependent variable), results were compared using PHAW and PDAW as independent variables in a series of 6 Probit estimations. Each of the 3 variables was used singularly and with their squared value. Each model was then compared using student t-statistics for the coefficient estimate significance and the normalized success index (NSI).
The NSI is a measure of the effectiveness of a Probit regression and is the weighted sum of the success indices by their proportional error. In this case, only 2 outcomes were possible (pregnancy or nonpregnancy). The success index for nonpregnancy was the number of correctly predicted nonpregnancies: those heifers whose pregnancy prediction was below the average pregnancy rate for the group (90.14%) divided by the number of heifers predicted to be nonpregnant, minus the ratio of those predicted to be pregnant as a proportion of the total number of heifers. The success index for pregnancy was calculated similarly. The greater the NSI value, the better the fit of the regression equation. More detailed information of the NSI is available (Whistler et al., 2007) .
RESULTS AND DISCUSSION
The heifer maturity predictor with the lowest MAPE was considered the most accurate predictor of the actual percent of mature BW. The MAPE for MI was the least (5.7%) compared with 8.9 and 12.3% for the alternative method using PDAW and the current PHAW method, respectively (Fig. 1) .
As expected, heifer growth and BW varies within a herd or group. Breeding readiness is traditionally identified with target BW (percentage of their mature BW or PHAW). Although using PHAW to predict the maturity of an individual heifer is widely accepted, it is problematic, as demonstrated by the MAPE results, and accounts for less variation than MI in predicting first pregnancy.
Mature BW is generally predicted using a herd or breed average. Because beef cattle reach their mature BW between 4 and 5 yr of age, first breeding has long passed. Greer et al. (1983) concluded that knowing absolute BW of an individual heifer lacks value in determining breeding readiness and suggested general BW recommendations are difficult to specify. They theorized an "index of maturity" that could estimate maturity with age and weaning BW, but neither affected age or BW at first estrus. In addition, the use of econometric-type methodologies has been applied in various forms within animal science research (Doyle et al., 2000; Eler et al., 2002; Hadley et al., 2006) . In these studies, the primary use has been as a methodology in heritability and culling research where characteristics influence a single outcome (pregnancy) or a specific heritable trait.
Results of both the student t test and the NSI scores for each of the 6 different equation specifications used to predict first pregnancy are presented in Table 1 . The regression using MI in the quadratic form resulted in the only Probit with significant coefficient estimates. It was also the only specification with statistical significance when a log likelihood ratio test was used, with a χ 2 distribution and k -1 df. In a comparison of predictive performance of the quadratic models, the MI 2 model over predicted nonpregnancy fewer times than the other 2 models, with PDAW predicting the most nonpregnancies. In predicting pregnancy, the same pattern is repeated, with the MI having the least errors followed by PHAW and then PDAW. All 3 models had less error in predicting pregnancy versus nonpregnancy (71, 70, and, 64% for MI, PHAW, and PDMW, respectively 
in which I PG1 = distance from its mean, 0, in SD, assuming a ~N(0,1) distribution, and MI = maturity index. The greater accuracy of the MI in predicting both physical and breeding maturity was due, in part, to the use of individual characteristics related to both whereas the other 2 measures of maturity rely on general herd or dam characteristics. Mature cow BW in the current study ranged from 363 to 735 kg. If the prebreeding BW of a heifer was 340 kg, predicted mature BW could range from 54 to 94% of actual mature BW. This variation makes the target BW for the group less applicable for that particular heifer. Using individual heifer characteristics allows an MI to more accurately forecast maturity of selected heifers. The MI provides the information necessary to select heifers and, thus, optimally manage them as a homogeneous group. This is conceptually appealing but is difficult without quantification of the various heifer characteristics and production choices available to producers. Measurable characteristics observed before or at time of replacement heifer selection make up the MI equation. There is a disparity between using a target BW averaged across the group and the MI for the 302 heifers analyzed (Fig. 2) . The ranges and means for these 3 measures differ, and the MI had a similar mean as the actual maturities (not shown). The standard measure of target BW (PHAW) has a greater variation and lower average maturity. These differences are the result of missing factors in the index (i.e., nutrition, age, and dam effects). The 2 other measures have a tendency, however, to underpredict maturity.
Given the interrelationships found in MI, cattle from different-sized dams may require different development schemes for optimal biological and economic performance (Stockton et al., 2012) . Increased mature dam size has a relatively greater negative effect on MI, with the inverse being true for smaller dams. This information can be directly applied to selecting replacement heifers and choosing the development method that best fits the beef cattle operation. Heifers from larger dams require a higher plane of nutrition to ensure they reach adequate maturity by breeding (Stockton et al., 2012) . Even though the coefficient estimate of dam mature BW on maturity is small (0.013), it was important because cattle can range in mature size by several hundred kilograms. For example, a 372-kg difference in dam BW resulted in an estimated MI score difference of 4.8 maturity points, so a heifer from the smaller dam would be 4.8 points more mature then one from a larger cow.
Birth BW was negatively associated with MI; so, the MI of a heifer weighing 32 kg at birth was 4.38 maturity points greater than one weighing 45 kg at birth, which is consistent with the findings of Fitzhugh and Taylor (1971) . Part of this effect may be related to sire effects, which were not measured in this study. Similar to Stockton et al. (2012) , birth weight was found to be a significant predictor of mature size. Nutrition level was also found to affect maturity, with a 4.8 point difference in MI between the high nutrition level applied by Funston and Deutscher (2004) and the low nutrition level used by Martin et al. (2008) , indicating the heifers on the greater planes of nutrition had a greater MI than those on lower planes of nutrition.
An important conclusion of this study was the impact that individual differences in a population have on systems decisions. Even though Funston and Deutscher (2004) and Martin et al. (2008) demonstrated differences in pregnancy rates of randomized groups were difficult to identify with small changes in nutrition, results of the present study indicated differences among individuals within the groups were significant. When the effects of individual characteristics, such as dam size, dam age, heifer age, and heifer prebreeding BW, were integrated into a system with nutrition level and all corresponding economic factors, individual management regimens associated with various cattle impact profitability (Stockton et al., 2012) . The original research (Funston and Deutscher, 2004; Martin et al., 2008) was designed to test nutritional plane on reproduction, but neither study detected differences in reproductive performance among the imposed dietary treatments. Albeit accurate for the groups, these results lacked specificity to base individual heifer selection on. By accounting for differences within the experimental samples, individual differences were demonstrated.
The MI relates maturity to individual heifer potential rather than a breed or herd average. Cattle with genetics for smaller size require fewer inputs, such as feed resources, whereas cattle with potential to be larger require more time and feed resources to reach the same level of maturity, which agrees with Fitzhugh and Taylor (1971) . Stockton et al. (2012) reported maturity at breeding impacts economics.
Because MI relies on 6 factors (heifer BW at time of first breeding, heifer age at time of first breeding, heifer birth weight, dam mature BW, dam age at heifer birth, and dam or heifer nutritional treatment), Stockton et al. (2012) reported various levels of profitability can be observed for the same MI. The optimal heifer maturity Table 1 . Comparison of P-values and the normalized success index (NSI) for the 3 methods and 2 mathematical equations using the 3 proposed methods of measuring heifer maturity a predictor of first pregnancy rates using the quadratic MI model is estimated to be 63.43 points, or percent, of mature BW, which is similar to the current recommendation of 65% of mature BW. A single MI will not optimize all heifers but represents an average biological optimum. Heifers with differing characteristics may achieve the same MI but at varying costs and revenues. Costs and revenues change as heifer characteristics change, causing profit changes. These changes, although simultaneous, are not necessarily proportional or in the same direction, leaving the effect on profit unknown without specifically accounting for all the differences and changes. This makes it difficult to economically rank characteristically different heifers with the same MI without attaching costs and revenues to each heifer (Stockton et al., 2012) . Despite this, understanding the general relationships among MI and other traits is valuable and can be summarized into general guidelines for replacement heifer selection and choosing a development regimen.
Currently, most cattle are managed in groups, which reduces costs and increases productivity of limited resources. Future technology development, changes in operation size, or both may allow a more intense individual management regimen at lower costs, making the MI information more valuable. This information would benefit large operations that could sort and manage heifers by type, assuming the sorting and added costs are less than the added revenue from doing so.
Specific combinations of heifer age and potential mature BW change the nutritional regimens needed to optimize maturity. The more homogeneous the critical variables identified in a heifer group, the more the heifers benefit from the appropriate management regimen. The interpretation of the coefficients of the MI model for birth weight and cow size indicated that potentially large heifers of the same age and feed regimen as their cohorts were less mature, consistent with the correlation found by Fitzhugh and Taylor (1971) . Thus, to achieve the same maturity requires larger heifers to be older and Figure 2 . Simulated probability density functions for 3 methods used to measure heifer maturity: maturity index (MI) derived from observed heifer and dam data, a measure based on the mature size of the dam relative to the heifer prebreeding BW (PDAW), and a measure based on heifer prebreeding BW and the percent herd average BW (PHAW). These probability density functions were generated from 500 observations of sample data using SIMETAR (Simetar Inc., College Station, TX), an Excel add-on (Funston and Deutscher, 2004; Martin et al., 2008). have a greater nutrition level to develop to the same maturity as smaller heifers; therefore, results indicate there is some substitutability between size and nutrition.
This information can be translated into monetary values, making it possible to select heifers of similar type that might be managed as a single group. Identifying individual heifers best suited to the management regimen increases profitability potential. Stockton et al. (2012) coupled economics to the biological attributes estimating the profit as a function of heifer and dam characteristics. To illustrate, 2 heifers from different-size dams of varying age will be discussed. In the first case, a heifer born to an 11-yr-old, 644 kg dam with a prebreeding age of 390 d was estimated to have a profit score of US$389.86 when managed using the lowest plane of nutrition, but when developed on the highest plane of nutrition, her profit score increased to $747.32. This simple change in management created a difference of $357.46. These values were not actual profits but difference in dollars based on those costs and revenues that relate to heifer production and value from birth through parturition of her second offspring. In the second case, a heifer born to a 7-yr-old, 363 kg dam with a prebreeding age of 456 d and managed on the highest energy diet would have an estimated profit score of $660.88, but, when managed in the lowest energy diet, the estimated profit score would increase only $123.62 to $784.50. These 2 cases show the potential of identifying heifers with respect to their characteristics and managing accordingly.
